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Matter and CP Asymmetries at Maxima
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(a) Electron Neutrino Appearance Probabilty vs. L/E

 = 0cp δVacuum oscillations, all terms, 

 term only13θ 2 2sin 

Solar oscillation term only

Baseline/Neutrino Energy (km/GeV)
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

) e ν 
→ µ ν

P(

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

(b) Impact of CP Phase on Vacuum Oscillations
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 = 0)cpδ(c) Impact of Matter Effects on Oscillations  (

 = 0cp δVacuum oscillations, all terms, 

Matter effect at 1000km, NH

Matter effect at 2000km, NH

Matter effect at 3000km, NH

Matter effect at 3000km, IH

1st oscillation node is from
L/E ∼ 100km/GeV to
1000 km/GeV
2nd oscillation node is from
L/E ∼ 1000km/GeV to
2000 km/GeV
Assuming flat flux and
σ2
ν/σ

1
ν = 0.4,

integrated event rates in
vacuum over 1st and 2nd
oscillation nodes are:

R2
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=
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(1/100− 1/1000)

× 0.05

0.035
× 0.4

= 3%
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40 to 120 GeV, decay channel length = 400m
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Neutrino vs anti-neutrino fluxes
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Neutrino fluxes with perfect focusing

Variable NuMI Focusing
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R =
∫

Φ
νµ
perfect(Eν)× σ(Eν)× P(νµ → νe) dEν

(sin2 2θ13 = 0.09, sin2 θ23 = 0.5, δcp = 0, |∆m2
31| = 2.4× 10−3)

Flux: 120 GeV, perfect focusing, ∼ 400m decay channel, on-axis

Normal Hierarchy
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Flux with perfect focusing, matter effect, normal hierarchy
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(sin2 2θ13 = 0.09, sin2 θ23 = 0.5, δcp = 0, |∆m2
31| = 2.4× 10−3)

Flux: 120 GeV, perfect focusing, ∼ 400m decay channel, on-axis

Inverted Hierarchy
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1st osc. node from E1 = 1.267|∆m2
31|L/π to 10× E1

2nd osc node from E2 = 1.267|∆m2
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Integrated Rate Asymmetries w/ Perfect Focusing

(sin2 2θ13 = 0.09, sin2 θ23 = 0.5, δcp = 0, |∆m2
31| = 2.4× 10−3, ρ = 2.4gm/cm3)

300 km
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Integrated Rate Asymmetries w/ Perfect Focusing

(sin2 2θ13 = 0.09, sin2 θ23 = 0.5, δcp = 0, |∆m2
31| = 2.4× 10−3, ρ = 2.4gm/cm3)
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Integrated Rate Asymmetries w/ Perfect Focusing

(sin2 2θ13 = 0.09, sin2 θ23 = 0.5, δcp = 0, |∆m2
31| = 2.4× 10−3, ρ = 2.4gm/cm3)

2300 km
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LBNO/LBNO fluxes

Forward horn current
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LBNO/LBNO fluxes

Reverse horn current

 GeVνE 
0 1 2 3 4 5 6 7 8 9 10

 p
.o

.t
 a

t 
12

0 
G

eV
)

21
 1

0 
×

/M
W

.y
r 

(1
 

2
 /G

eV
/c

m
 

ν 
Φ 0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000
310×

LBNE 80 GeV at 1300km
LBNO 50 GeV at 1300km
LBNO 50 GeV at 2300km
LBNE 120 GeV at 2300km

 fluxes at 1300 and 2300kmµν

24 / 29



Baselines and
Oscillation
Nodes

Mary Bishai

Nodes and
Asymmetries

Neutrino
Fluxes

Event Rates

Rate
Asymmetries

LBNE/LBNO
comparisons

Appearance Spectra (no detector effects) NH
δcp = −π/2 δcp = 0 δcp = π/2
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LBNE 80GeV at 1300km: 124 (4,120) events
LBNO 50 GeV at 1300km: 139 (7,132) events
LBNO 50 GeV at 2300km: 63 (11,52) events
LBNE 120 GeV at 1300km: 117 (5,112) events

 rates at 1300 and 2300kme ν → µ ν
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LBNE 80GeV at 1300km: 100 (2,98) events
LBNO 50 GeV at 1300km: 109 (4,105) events
LBNO 50 GeV at 2300km: 43 (5,38) events
LBNE 120 GeV at 1300km: 92 (2,90) events

 rates at 1300 and 2300kme ν → µ ν
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LBNE 80GeV at 1300km: 77 (1,76) events
LBNO 50 GeV at 1300km: 85 (2,83) events
LBNO 50 GeV at 2300km: 39 (4,34) events
LBNE 120 GeV at 1300km: 76 (2,74) events

 rates at 1300 and 2300kme ν → µ ν
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LBNE 80GeV at 1300km: 11 (0,10) events
LBNO 50 GeV at 1300km: 10 (1,9) events
LBNO 50 GeV at 2300km: 2 (1,1) events
LBNE 120 GeV at 1300km: 4 (1,3) events

 rates at 1300 and 2300kmeν → µν
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LBNE 80GeV at 1300km: 18 (2,16) events
LBNO 50 GeV at 1300km: 17 (3,14) events
LBNO 50 GeV at 2300km: 6 (4,2) events
LBNE 120 GeV at 1300km: 7 (2,5) events
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LBNE 80GeV at 1300km: 22 (2,20) events
LBNO 50 GeV at 1300km: 21 (3,18) events
LBNO 50 GeV at 2300km: 6 (4,2) events
LBNE 120 GeV at 1300km: 9 (2,7) events
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Appearance Spectra (no detector effects) IH
δcp = −π/2 δcp = 0 δcp = π/2
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LBNE 80GeV at 1300km: 58 (5,53) events
LBNO 50 GeV at 1300km: 64 (8,56) events
LBNO 50 GeV at 2300km: 18 (11,7) events
LBNE 120 GeV at 1300km: 26 (5,21) events

 rates at 1300 and 2300kme ν → µ ν

 GeVνE 
1 2 3 4 5 6 7 8 9 10

 p
.o

.t
 a

t 
1

2
0

 G
e

V
)

2
1

 1
0

 
×

 e
v

ts
/G

e
V

/1
0

k
t/

M
W

.y
r
 (

1
 

e 
ν

0

10

20

30

40

50

60

70

80

90

100
LBNE 80GeV at 1300km: 39 (2,38) events
LBNO 50 GeV at 1300km: 43 (3,40) events
LBNO 50 GeV at 2300km: 8 (4,4) events
LBNE 120 GeV at 1300km: 16 (2,14) events

 rates at 1300 and 2300kme ν → µ ν
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LBNE 80GeV at 1300km: 29 (1,27) events
LBNO 50 GeV at 1300km: 31 (2,29) events
LBNO 50 GeV at 2300km: 7 (4,3) events
LBNE 120 GeV at 1300km: 10 (2,9) events

 rates at 1300 and 2300kme ν → µ ν
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LBNE 80GeV at 1300km: 29 (0,29) events
LBNO 50 GeV at 1300km: 28 (1,27) events
LBNO 50 GeV at 2300km: 12 (1,11) events
LBNE 120 GeV at 1300km: 27 (1,26) events

 rates at 1300 and 2300kmeν → µν
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LBNE 80GeV at 1300km: 38 (1,37) events
LBNO 50 GeV at 1300km: 38 (2,36) events
LBNO 50 GeV at 2300km: 19 (4,15) events
LBNE 120 GeV at 1300km: 36 (2,34) events

 rates at 1300 and 2300kmeν → µν
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LBNE 80GeV at 1300km: 47 (1,46) events
LBNO 50 GeV at 1300km: 46 (2,44) events
LBNO 50 GeV at 2300km: 20 (4,16) events
LBNE 120 GeV at 1300km: 41 (2,39) events
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26 / 29



Baselines and
Oscillation
Nodes

Mary Bishai

Nodes and
Asymmetries

Neutrino
Fluxes

Event Rates

Rate
Asymmetries

LBNE/LBNO
comparisons

Appearance Spectra (no detector effects) NH
δcp = −π/2 δcp = 0 δcp = π/2
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LBNE 80GeV at 1300km: 124 (4,120) events
LBNO 50 GeV at 1300km: 139 (7,132) events
LBNO 50 GeV at 2300km: 63 (11,52) events
LBNE 120 GeV at 1300km: 117 (5,112) events

 rates at 1300 and 2300kme ν → µ ν
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LBNE 80GeV at 1300km: 100 (2,98) events
LBNO 50 GeV at 1300km: 109 (4,105) events
LBNO 50 GeV at 2300km: 43 (5,38) events
LBNE 120 GeV at 1300km: 92 (2,90) events

 rates at 1300 and 2300kme ν → µ ν
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LBNE 80GeV at 1300km: 77 (1,76) events
LBNO 50 GeV at 1300km: 85 (2,83) events
LBNO 50 GeV at 2300km: 39 (4,34) events
LBNE 120 GeV at 1300km: 76 (2,74) events

 rates at 1300 and 2300kme ν → µ ν
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LBNE 80GeV at 1300km: 11 (0,10) events
LBNO 50 GeV at 1300km: 10 (1,9) events
LBNO 50 GeV at 2300km: 2 (1,1) events
LBNE 120 GeV at 1300km: 4 (1,3) events

 rates at 1300 and 2300kmeν → µν
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LBNE 80GeV at 1300km: 18 (2,16) events
LBNO 50 GeV at 1300km: 17 (3,14) events
LBNO 50 GeV at 2300km: 6 (4,2) events
LBNE 120 GeV at 1300km: 7 (2,5) events

 rates at 1300 and 2300kmeν → µν
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LBNE 80GeV at 1300km: 22 (2,20) events
LBNO 50 GeV at 1300km: 21 (3,18) events
LBNO 50 GeV at 2300km: 6 (4,2) events
LBNE 120 GeV at 1300km: 9 (2,7) events

 rates at 1300 and 2300kmeν → µν
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Appearance Spectra (no detector effects) IH
δcp = −π/2 δcp = 0 δcp = π/2
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LBNE 80GeV at 1300km: 58 (5,53) events
LBNO 50 GeV at 1300km: 64 (8,56) events
LBNO 50 GeV at 2300km: 18 (11,7) events
LBNE 120 GeV at 1300km: 26 (5,21) events

 rates at 1300 and 2300kme ν → µ ν
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LBNE 80GeV at 1300km: 39 (2,38) events
LBNO 50 GeV at 1300km: 43 (3,40) events
LBNO 50 GeV at 2300km: 8 (4,4) events
LBNE 120 GeV at 1300km: 16 (2,14) events

 rates at 1300 and 2300kme ν → µ ν
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LBNE 80GeV at 1300km: 29 (1,27) events
LBNO 50 GeV at 1300km: 31 (2,29) events
LBNO 50 GeV at 2300km: 7 (4,3) events
LBNE 120 GeV at 1300km: 10 (2,9) events

 rates at 1300 and 2300kme ν → µ ν
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LBNE 80GeV at 1300km: 29 (0,29) events
LBNO 50 GeV at 1300km: 28 (1,27) events
LBNO 50 GeV at 2300km: 12 (1,11) events
LBNE 120 GeV at 1300km: 27 (1,26) events

 rates at 1300 and 2300kmeν → µν
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LBNE 80GeV at 1300km: 38 (1,37) events
LBNO 50 GeV at 1300km: 38 (2,36) events
LBNO 50 GeV at 2300km: 19 (4,15) events
LBNE 120 GeV at 1300km: 36 (2,34) events

 rates at 1300 and 2300kmeν → µν
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LBNE 80GeV at 1300km: 47 (1,46) events
LBNO 50 GeV at 1300km: 46 (2,44) events
LBNO 50 GeV at 2300km: 20 (4,16) events
LBNE 120 GeV at 1300km: 41 (2,39) events
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Appearance Rates vs. δcp (no detector effects)
1st Osc. Node ≥ 2nd Osc. Node

(sin2 2θ13 = 0.09, sin2 θ23 = 0.45, |∆m2
31| = 2.5× 10−3, ρ = 3.2 gm/cm3)

Normal Hierarchy
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LBNO 50 GeV at 1300km
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 appearance rates 1st osc node, NHe ν

 (degrees)cp δ
-150 -100 -50 0 50 100 150

 e
vt

s/
10

kt
/M

W
.y

r
e ν

0

20

40

60

80

100

120

140

160

180

200

 appearance rates at >= 2nd node (x10),  NHe ν
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Appearance Rates vs. δcp (no detector effects)
1st Osc. Node ≥ 2nd Osc. Node

(sin2 2θ13 = 0.09, sin2 θ23 = 0.45, |∆m2
31| = 2.5× 10−3, ρ = 3.2 gm/cm3)

Inverted Hierarchy
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LBNO 50 GeV at 2300km
LBNE 120 GeV at 1300km
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 appearance rates 1st osc node, IHe ν
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